Abstract Fragile X syndrome is the leading cause of inherited mental impairment and is associated with expansions of CGG repeats within the FMR1 gene. To detect expanded CGG repeats, we developed a dual-mode single-molecule fluorescence assay that allows acquisition of two parallel, independent measures of repeat number based on (1) the number of Cy3-labeled probes bound to the repeat region and (2) the physical length of the electric field-linearized repeat region, obtained from the relative position of a single Cy5 dye near the end of the repeat region. Using target strands derived from cell-line DNA with defined numbers of CGG repeats, we show that this assay can rapidly and simultaneously measure the repeats of a collection of individual sample strands within a single field of view. With a low occurrence of false positives, the assay differentiated normal CGG repeat lengths (CGG N , N = 23) and expanded CGG repeat lengths (CGG N , N = 118), representing a premutation disease state. Further, mixtures of these DNAs gave results that correlated with their relative populations. This strategy may be useful for identifying heterozygosity or for screening collections of individuals, and it is readily adaptable for screening other repeat disorders.
Introduction
Microsatellites are regions of DNA in which simple sequences of one to six nucleotides are repeated multiple times. Trinucleotide repeat sequences form a class of microsatellites that commonly impact phenotype and are linked to more than 30 genetic diseases. The lengths of these repeat sequences can increase over time and over generations, leading to more severe disease symptoms and earlier onset [1] [2] [3] .
Fragile X syndrome is the leading cause of inherited mental impairment and is associated with the expansion of CGG repeats within the FMR1 gene. CGG expansions[200 repeats disrupt synthesis of the Fragile X mental retardation protein (FMRP), which is required for neural development during embryogenesis. The phenotype for Fragile X syndrome includes cognitive dysfunction, hypersensitivity, speech delay, and physical abnormalities [4] . Unaffected individuals have CGG repeat lengths between 6 and 54 repeats, with 45-54 repeats termed the gray zone. Premutation carriers (55-200 CGG), both male and female, may develop Fragile X tremor ataxia syndrome (FXTAS), despite earlier normal cognitive functioning [5] . Female premutation carriers are also at risk for premature ovarian failure [6] . Expansion to the full mutation from the gray-zone allele can occur in two generations [7, 8] . There is thus a strong desire to develop rapid, robust assays for the lengths of these expansions to identify people that have premutations; i.e., expansions that are almost long enough to result in a disease state but do not give a strong phenotype.
Methods to diagnose Fragile X syndrome are generally based on determining the CGG repeat length. Southern blot analysis can be used to measure the repeat number accurately for full-length mutations and large premutations, but this approach is time intensive. Recently developed PCR methods [9] [10] [11] [12] [13] [14] have improved the accuracy and range of measured CGG repeat lengths, and capillary gel electrophoresis (CAGE) is increasingly used to quantify the PCR products [8] [9] [10] . Still, a truly high-throughput assay would be highly beneficial for screening and for identifying heterozygous individuals with one allele in the premutation or full-mutation range.
Several single-molecule strategies have been developed to extract sequence information from individual molecules, using either fluorescence-or electrochemical-based methods. The fluorescence-based approaches include polymerasedirected single-nucleotide incorporation [15] [16] [17] , barcoding [18] [19] [20] , and length measurements [21, 22] . Non-optical methods include protein nanopores [23] and solid-state devices [24, 25] . An advantage of single-molecule approaches is their scalability to larger platforms, allowing for highly parallel sample processing while greatly reducing the amount of material needed. By acquiring signals from individual molecules, single-molecule methods can detect small subpopulations, an ability that would be advantageous in largepopulation screening.
Here, we present a novel single-molecule fluorescence (SMF) assay that can screen mixtures of normal and premutation levels of CGG repeats. Using wide-field total internal reflection fluorescence microscopy (TIRFM), we collect data simultaneously from scores of individual molecules. This dual-mode SMF assay acquires two independent measures of the CGG repeat number from individual CGG repeat sequences. By binding sequence-specific probes to ssDNA derived from the repeat region, fluorescence intensity readouts of the number of probes bound can be obtained. In parallel, the sub-diffraction limit physical lengths of the repeat region, now in duplex form by annealing of the probe, can be directly measured by super-resolution imaging [26] [27] [28] [29] [30] . The distance between a single Cy5 at the untethered end of the target and the centroid of fluorescence of the bound probes is determined by separately imaging the dyes and determining their relative positions.
The acquisition of two independent measurements of the CGG repeat number for each sample reduces the overall likelihood of false positives for premutations. If the false positives reported by each method are largely uncorrelated, the expected probability of false positives reported by this dual-mode approach would approach the product of the false-positive rates associated with each method, yielding a substantially lower overall rate. Indeed, coupling the length measurement to the intensity measurement decreased the overall false-positive rate by fourfold, the same within error as the product of the false-positive rates of each method. In addition, this SMF assay facilitates the identification of multiple populations such as would be present in samples from heterozygous individuals or from collections of individuals. Although the strict accuracy of the CGG repeat number is less than achieved with other methods (e.g., Southern blot, CAGE), this method can rapidly differentiate normal and premutation molecules with a low probability of false positives, making it applicable to rapidly screen populations that include both homozygotes and heterozygotes.
Materials and Methods

Preparation of CGG Repeats and DNA Rulers
Synthetic CGG target strands containing 5, 10, and 15 CGG repeats were purchased from Integrated DNA Technologies (Coralville, IA). DNA targets containing larger numbers of repeats were prepared as PCR products from cell-line DNA (23, 56, 118 , and 340 repeats) with a master mix from Asuragen containing GC-rich AMP buffer, FMR1 primers, and GC-rich polymerase mix [14] . The forward primer was 5 0 -phosphorylated to facilitate digestion of the complementary strand by lambda exonuclease in a subsequent step. Samples were amplified with an initial heat denaturation step of 98°C for 5 min. This step was followed by 25 cycles of 97°C for 35 s, 62°C for 35 s, and 72°C for 4 min, with a final of extension at 72°C for 10 min. The single-stranded PCR products were prepared by lambda exonuclease digestion to facilitate hybridization of the fluorescently labeled probes to the target sequence.
DNA rulers of defined lengths were designed to calibrate the electrokinetic stretching method. First, deletion mutants with varying lengths (23-500 bp) between two constant primer regions were constructed from a pMAL plasmid with a Quikchange site-directed mutagenesis kit (Agilent, Santa Clara, CA). The rulers were then generated from the deletion mutants by primer extension with Pfu Hotstart DNA polymerase (Agilent, Santa Clara, CA) using dye-labeled constant region primers (forward primer: 5 0 -biotin-GGTGA(Cy3)AATCATGCCGAACATCCCG and reverse primer: 5 0 -GATGGCGCGAATGT(Cy5)CATCAGA ACG). The sequences of the mutants were confirmed by sequencing, and the DNA ruler lengths were confirmed by gel electrophoresis on 3% agarose gels with a 100-bp DNA ladder (New England Biolabs, Ipswich, MA).
Target/Probe Annealing
The CGG repeat-containing ssDNAs were incubated with Cy3-labeled [5 0 -Cy3-CCGCCGCCGCCGCCG; (CCG) 5 ] repeat probes and a Cy5-labeled probe (5 0 -Cy5-CATCTT CTCTTCAGCCCTGCTAGCGCCGGGAGC) complementary to a flanking region (Integrated DNA Technologies, Coralville, IA). The samples were heated to 95°C and then cycled 100 times above and below the T m of the repeat probe to optimize binding in 100 mM NaCl, 25 mM TrisCl, pH 8.0.
Flow Chamber Preparation
Quartz slides (G. Finkenbeiner Inc., Waltham, MA) were coated with methoxy poly (ethylene glycol) succinimidyl valerate (mPEG-SVA) to minimize nonspecific adsorption of the labeled samples and doped with 1-2% biotinylated mPEG (Laysan Bio Inc., Arab, AL). Silver-based electrodes were deposited on the quartz surface by using a conductive microtip pen (Chemtronics, Kennesaw, GA). The slide was incubated with 0.1 mg/mL streptavidin (Invitrogen, Carlsbad, CA). The biotinylated target-probe complexes were added to the sample chamber and immobilized to the surface through the biotin-streptavidin linkage. The unbound complexes were washed out during buffer exchange. For length measurements, a constant electric field (*10 4 V/m) was applied across the sample chamber to linearize and orient the target strands.
SMF Microscopy
The slide was mounted on an inverted microscope (Olympus IX-71) with a 609 water immersion objective. The samples were separately excited by prism-type total internal reflection of a 532 nm laser (Crystalaser, Reno, NV) and a 632 nm laser (CVI Melles Griot, Albuquerque, NM). The images were acquired with a cooled I-Penta-MAX IIC CCD (Princeton Instruments, Trenton, NJ). The image capture frequency was 2-10 Hz. A deoxygenating imaging buffer, used to slow photobleaching, consisted of 0.59 TBE (50 mM Tris, 41 mM boric acid, 0.5 mM EDTA), 0.8 mM Trolox, 12% glucose, 0.1 mg/mL glucose oxidase (Sigma), and 0.04 mg/mL catalase (Roche).
Fluorescence Intensity Measurements and Dye Counting
The molecules were initially excited at 532 nm to measure the total intensity of the Cy3-labeled probes bound to the targets. The molecules were imaged for *60 s to observe a sufficient number of discrete losses in intensity due to the photobleaching of individual Cy3 dyes. The photobleaching events were identified by a two-tailed sliding t test. The magnitude of the decrease in intensity due to photobleaching was calculated from the difference between the intensities before and after the photobleaching event. The average intensity of the measured photobleaching events was used to calculate the number of probes bound to each target from the total intensity for each molecule relative to that of each photobleaching step.
Sub-Diffraction Length Measurements
The physical length of the CGG target sequence was directly determined by measuring the distance between the centroid of the Cy3-labeled CGG repeat probes, before applying the electric field, and the Cy5-labeled probe attached to the non-CGG flanking region after application of the electric field [29] . Because the distance between the dyes is less than the diffraction limit, each dye was separately imaged. The positions of the dyes were found by a nonlinear least squares fit to a two-dimensional Gaussian function with a background,
where A is the height, (x 0 , y 0 ) is the centroid of the point source, r y and r x are the widths of the point-spread function, and z is the background. The distance between the two dyes could then be determined from the relative positions of the two dyes,
where the pixel size of the magnified image is 95.4 nm. The measured distances were converted to the number of repeats by using the standard value of helical rise per base pair (0.34 nm/bp).
Dual-Mode Analysis
Because of the inherent heterogeneities in the measurements, criteria were designed to identify the molecules for which the repeat numbers from the intensity and length measurements were correlated. A molecule was considered to have agreeing values for the two measurements if either of the two following two conditions were satisfied:
(1) the difference between the two measurements was \30 repeats or (2) the fractional difference between the two measurements was \0.4. These two conditions were implemented to minimize biasing in the identification of similar values for longer or shorter repeats. The analysis was performed without referencing the actual repeat length. The distributions of the measured CGG repeat values were fit with two Gaussian functions to determine the average values and the relative fractions of the repeat populations.
Results and Discussion
To determine the CGG repeat numbers of the sample DNA strands, we developed a dual-mode assay to simultaneously measure two independent values for each target strand that could be correlated to the CGG repeat number: (1) the number of bound probe oligonucleotides, which is derived from the fluorescence intensity of target-bound and dyelabeled probes and (2) the direct physical length of the repeat region.
Determination of CGG Repeat Length Based on Fluorescence Intensity
To validate the strategy of using a fluorescence readout to count the number of dyes annealed to CGG repeat sequences, we tested DNA target strands spanning the normal, gray-zone, and premutation disease states (5-118 repeats). For repeat lengths of 5, 10, and 15 CGG repeats, we used synthetic DNA targets strands, and for longer CGG repeat sequences (23, 56, 96 , and 118 repeats), we used PCR followed by lambda exonuclease digestion to generate ssDNA. Figure 1 depicts the probe binding strategy for the targeted molecules. The DNA target strands were incubated with Cy3-(CCG) 5 probes designed to bind to the repeat region. The targets were also annealed with a Cy5-labeled strand complementary to a constant (non-CGG repeating sequence) region flanking the repeat sequence as a control for identifying overlapping, unresolved molecules. The probe-bound targets were immobilized onto streptavidin-treated PEG-coated slides through biotinstreptavidin linkages. Using wide-field TIRFM, time traces for scores of molecules were simultaneously collected for each field of view by direct excitation with a 532 nm laser. Figure 2a shows representative three-dimensional screenshots for immobilized probe-bound targets with CGG repeat lengths of 10, 15, 56, and 118. The four images have the same intensity scale. The average intensities of the probe-annealed targets increased dramatically with the higher CGG repeat numbers, indicating that more probes were bound to the longer targets. However, visual inspection of the individual intensities for (CGG) 56 and (CGG) 118 reveals significant variation, suggesting populations of targets with different numbers of bound probes.
To accurately assess the number of probes bound to the target strands as a measure of the CGG repeat length and to minimize the effect of variations in dye emission due to nonuniform illumination, dye orientation, or conformation on the total intensity, we developed a calibration procedure based on dye photobleaching. For the probe-bound target (CGG) 5 , the time traces predominantly exhibited a complete loss of fluorescence in a single step, which reflects the irreversible photobleaching of a single Cy3 dye (Fig. 2b) . As the CGG repeat length increased, a greater number of photobleaching events were observed. In the time trace shown for (CGG) 23 , four discrete decreases in intensity occurred, with each corresponding to the photobleaching of an individual Cy3 dye. Ideally, the total number of observed photobleaching events could be used as a metric for the number of probes bound to the target [e.g., the four events in Fig. 2b for (CGG) 23 correspond to four probes bound to the target]. However, for longer targets, this strategy was not practical because the solution conditions required to slow photobleaching enough to ensure that all individual photobleaching steps are resolved would lead to the requirement for very long observation times to achieve complete photobleaching of all targets in a given field of view. Therefore, the magnitudes of the stepwise decreases in intensity due to the photobleaching of the individual Cy3 dyes per molecule were collected to determine the average intensity for a dyelabeled probe bound to the target. The number of bound probes per target was then calculated as the ratio of the initial intensity and the average photobleaching step size.
The histograms in Fig. 2a show the distribution for the number of probes bound to individual target molecules as determined from the dye-counting procedure. The expected number of probes for each repeat size is derived from the maximum number of (CCG) 5 probes that could fully pair with each target size. As expected, the histograms for (CGG) 10 and (CGG) 15 show well-defined Gaussian-like distributions centered at *2 and 3, respectively. For these targets with numbers of CGG repeats in the ''normal'' range, the targets can be discriminated in terms of their CGG repeat number by the detected number of probes bound to the individual target molecules. The results indicate that the probes are likely fully base paired to the target or are occupying enough of the CGG repeats to make additional probe binding unlikely.
On the other hand, (CGG) 56 and (CGG) 118 show significant heterogeneity, with only a small fraction of the molecules exhibiting optimal probe binding and most of the molecules displaying less than optimal probe binding. We first considered the possibility that the degree of heterogeneity was actually uniform for the DNAs of different lengths but appeared less significant for the shorter DNAs because a significant fraction of target molecules did not bind any fluorescent probes and were therefore not included in the analysis. Such a result would be expected if the 15 , and (CGG) 23 molecules that exhibit the expected number of stepwise decreases in intensity from photobleaching of Cy3 dyes. c The relationship between the target CGG repeat length and the average number of probes bound. The line indicates the expected number of probes bound for optimal probe binding to the target principal sources of heterogeneity were incomplete fluorescent labeling of the oligonucleotide probe or incomplete binding of the probe (in a manner that did not depend on the length of the repeating sequence). Considering the average signal from the (CGG) 118 target, each stretch of five repeats would have a 64% chance of having a labeled probe bound if this were the sole source of heterogeneity. We then performed Monte Carlo simulations to test whether this model would reproduce the observed data for the shorter DNA targets. However, the simulations did not adequately reproduce the data, giving much greater representation of molecules with low signal and an overall shifting of the peak, relative to the data (not shown). Thus, we conclude that there is more heterogeneity for the targets with larger numbers of repeats. This increase may reflect the ability of longer CGG repeats to form more stable intramolecular hairpin structures [31] [32] [33] , which would reduce the number of available sites for probe binding [34] . It is also likely that some heterogeneity arises from incomplete PCR (see below), producing a sub-population that has optimal probe binding but gives reduced signal because of the reduced repeat length; i.e., these molecules represent true negatives. Agarose gels of the PCR products indicated the absence of a distinct band associated with any length heterogeneities (data not shown), but this result does not rule out a broad distribution of molecules with different lengths.
In summary, the dye-counting strategy accurately reports the number of bound probes at low CGG repeat numbers, suggesting optimal base pairing between the probes and the targets. However, the measured repeat lengths deviate from the expected length for the higher CGG repeat numbers, starting at the gray-zone length (CGG) 56 . The fractional occupancy falls to approximately two-thirds the expected number for (CGG) 118 . For all of the targets, a sub-population of the targets is optimally probe bound with the expected number of probes, but the heterogeneity in the fractional occupancy makes it difficult to assess accurately CGG repeat numbers beyond ''normal'' state lengths.
Importantly, the false-positive rate for the (CGG) 23 targets, defined as the fraction of ''normal'' repeat length strands that were identified as corresponding to premutation lengths, was 7.2% (15 of 206 molecules). This highlights the sensitivity of this method to accurately report the presence of ''normal'' CGG repeat lengths with a modest level of false positives.
Direct Physical Length Measurement of CGG Repeats
As an orthogonal approach to determine the CGG repeat number, we set out to use electrokinetic stretching and super-resolution imaging to determine the physical length of the CGG repeats by measuring the physical length of the repeat region. As controls, Cy3-, Cy5-labeled biotinylated DNA duplexes with a defined number of base pairs were constructed by primer extension so that the Cy3 dye was located proximal to the biotinylated end and the Cy5 dye was located near the untethered end. For the duplexes examined, the lengths were well below the diffraction limit. To achieve super-resolution imaging, the Cy3 and Cy5 dyes were separately imaged. The distance between the Cy3 and Cy5 dyes was then determined from their positions defined by point-spread functions (see Eqs. 1, 2 ). An electric field was applied to linearize single immobilized molecules, as shown in Fig. 1b [20, 21, 35, 36] . For a 350-bp duplex in the absence of the electric field, the positions of the Cy5 dyes were randomly oriented with respect to the Cy3 dyes. In the presence of the electric field, the Cy5 dyes became oriented toward the cathode, and the distance from the Cy3 dyes increased, indicating that the immobilized DNA was elongated and oriented in response to the electric field (Fig. 3a) . Figure 3b shows a representative time trace that tracks the distance of the untethered Cy5-labeled end of the duplex relative to the tethered Cy3-labeled end for a 1,200-bp duplex. When an electric field (*10 4 V/m) was applied, the distance between the two dyes increased, approaching the fully extended length. The physical lengths were measured for duplexes ranging from 67 to 1,200 bp. The average measured lengths of the molecules increased with the number of base pairs (Fig. 3c) . Similar to the intensity method, the measured values deviated from the actual length with increasing length. The shortening of the average length relative to the expected length may result from incomplete elongation by the electric field, increased formation of intramolecular contacts for the longer targets, and length heterogeneities due to incomplete PCR of the repeat region.
If the false positives reported by each method were uncorrelated, the expected probability of false positives reported by utilizing two measurements for each target strand would be expressed as the product of the false-positive rates associated with each method. The false-positive rate measured for (CGG) 23 by the length measurement was *24% (11 of 45 molecules). Given that the intensity measurement has a false-positive rate of 7.2%, the dual-mode method could yield an overall false-positive rate of 1.8%, a significant improvement in accuracy.
Dual-Mode SMF assay
For each molecule, two measures of the CGG repeat numbers were acquired, one based on the number of probes bound to the target and another from the length of the target. The total intensities of the probe-bound targets and photobleaching step size of the Cy3-labeled target-bound probes were used to calculate the number of probes bound to each target. For the physical length measurement, the position of the centroid of the Cy3 fluorescence was determined by a point-spread function and defined as the location of the tethered end of the immobilized molecule. The centroid of the total Cy3 fluorescence can function as the location of the tethered end of the target strand in the absence of the field because the tethered molecule will be freely rotating about the tether such that the time-averaged position of the dyes would be centered at the tether location [37] . An electric field was then applied across the sample chamber, and the Cy5 dye was directly excited with the 632 nm laser to acquire the position of the Cy5 dye located at the untethered end. The physical length of the repeat sequence was then calculated from the differences in the coordinates of the centroid corresponding to the Cy3 dyes and the Cy5 dye (Eq. 2). The molecules with correlated repeat numbers from the intensity and length measurements were identified according to the criteria described in ''Materials and Methods''.
Mixtures of Different CGG Repeat Numbers
Four mixtures with different relative amounts of (CGG) 23 and (CGG) 118 were examined using the dual-mode SMF assay. Approximately 200 molecules were measured for each mixture, with the repeat numbers for each molecule determined by the intensity and length measurements. Based on the matching criteria and in agreement with the error rates from the separate measurement modes, more than half of the molecules had correlating CGG repeat lengths from the two measurements. The average values of the CGG repeat lengths from these correlated molecules were similar to the expected CGG repeat number. The homogeneous (CGG) 23 samples gave a well-defined unimodal distribution with averages of 18 and 19 repeats for the intensity and length measurements, respectively (Fig. 4a) . The 70% confidence intervals were 11-24 for the intensity measurement and 11-26 from the length measurement. Based on the false-positive rates of the dye-counting method and the length measurements, the dual-mode approach was expected to produce 1.8% false positives. Indeed, the false-positive frequency was 2.1%, indicating that most of the false positives from the individual assays are uncorrelated.
The repeat values for the (CGG) 118 samples were higher and more broadly distributed than the (CGG) 23 samples (Fig. 4b) . The average repeat numbers were significantly larger, 98 by the intensity method and 97 by the length method. The 70% confidence intervals from intensity and length were 72-122 and 73-120, respectively. The (CGG) 118 values appeared to have a bimodal distribution, and *76% of the molecules were within the expected range. The combined average (average of both methods for each molecule) of the major population was 101 repeats.
As expected, the experiments with a 3:1 mixture of (CGG) 23 and (CGG) 118 strands, 3(CGG) 23 Á1(CGG) 118 , showed the presence of a population with a larger repeat length that was not present in the homogeneous (CGG) 23 samples (Fig. 5a) . The major population represents 84% of the molecules with an average repeat number of 20. The smaller population has an average repeat number of 90. As shown in Fig. 5b , the experiments with a 1:3 mixture of (CGG) 23 Length (CGG repeats) Intensity (CGG repeats) Fig. 4 Scatter plots showing the distribution of the measured CGG repeat sizes for a (CGG) 23 and b (CGG) 118 , in which the length-derived measurements correspond to the x-axis and the dye-counting measurements correspond to the y-axis. The filled symbol indicates the average of the two measurements. The error bars show the standard deviations. The averages of the correlated molecules are similar to the expected values. For (CGG) 23 , 151 of the 206 (73.3%) analyzed molecules had correlated length and dye-count measurements, as indicated by the boundaries defined by the dashed lines. Data that gave uncorrelated measurements, falling outside of this boundary, were rejected from further analysis and are therefore not included in the plots. For (CGG) 118 , 93 of 231 (40.2%) of the analyzed molecules had correlated length and dye-count measurements. These values are consistent with the expected fraction of correlated molecules between the two measurements for (CGG) 23 and (CGG) 118 with 71.6 and 42.9%, respectively. The true-negative values by the dye-counting and length measurements were 92.8 and 77.2%, respectively. The true-positive values by the dye-counting and length measurements were 54.6 and 78.0% Gaussian fits, the larger population represents 60% of the molecules with an average repeat number of 104. The smaller population has an average repeat number of 40, somewhat larger than the actual length. Figure 6 shows a plot of the fractions of (CGG) 23 and (CGG) 118 target molecules that gave values indicating the expected length ranges in the mixtures. Both repeat numbers are linear over the relative fractions. The y-intercept for (CGG) 118 underscores the presence of a persistent level of heterogeneity associated with the longer repeat length. Based on the detected negative population for the dyecounting (45%) and length (22%) measurements for (CGG) 118 , the expected percentage of false negatives for this premutation length target DNA was 10%; i.e., we would expect that 10% of the targets would coincidentally give false measurements by both methods that correspond to smaller numbers of repeats, within the normal range. However, a larger fraction, 24% of the molecules, corresponded to normal lengths. Thus, in contrast to the situation with the uncorrelated false positives, a fraction of the false negatives are correlated. These molecules may possess secondary structure, which could reduce the number of binding sites and the length of the DNA. It is also possible that some reflect truncated PCR synthesis and a sub-population of true negatives, i.e., molecules that are included in the sample of 118 repeat molecules but that actually possess fewer repeats. With the possibility of true negatives, the fraction of shorter products of 24% is likely to represent an upper limit on the false negative rate of the assay. Further study would be needed to establish the origins of this population.
Conclusions
The results demonstrate the feasibility and advantages of using a dual-mode SMF assay to measure the number of CGG repeats in DNA samples. This assay can discriminate between a ''normal'' CGG repeat length, (CGG) 23 , and a length corresponding to the premutation disease state, (CGG) 118 and has potential applications in large-scale molecular genetic testing. Such testing has been advised for individuals who have a family history of Fragile X syndrome or undiagnosed cognitive disabilities as well as for females who are known carriers of Fragile X syndrome or have a family history of premature ovarian insufficiency [38] . DNA corresponding to the repeat region can be PCR amplified using probes targeted to a flanking region [39] , as was done here, with the single-molecule approach offering the advantage of increased sensitivity relative to electrophoretic methods. This increased sensitivity could allow the pooling of samples from many individuals for rapid screening, reducing the time and cost per sample. Ultimately, it may be possible to perform such a single-molecule assay using unamplified genomic DNA, with the repeat region extracted using known restriction enzymes [39] and immobilized by hybridization to a tagged oligonucleotide. Such a procedure could greatly increase the throughput, relative to PCR-based methods, either with pooled samples from multiple individuals or with an addressable array format for individual, rapid screening of a large number of individuals. Finally, this dual-mode SMF assay may also be useful for screening of other trinucleotide repeat disorders. 
Measured Fraction
Fig . 6 The fraction of target (CGG) 23 and (CGG) 118 molecules that gave measurements corresponding the correct length range, plotted against the expected fraction for the homogenous and heterogeneous mixtures of (CGG) 23 and (CGG) 118 . Only target molecules that gave correlated values from the dual measurements were considered in this analysis. The filled squares correspond to (CGG) 23 , and the filled circles correspond to (CGG) 118 . The average values and the relative fractions are determined from bimodal Gaussian fits. Linear fits to the data are shown. The deviations between the expected and the actual fractions for the varying ratios of the two lengths are quantitatively accounted for by the presence of a fraction of the (CGG) 118 samples (*24%) that appear to possess a smaller number of repeats (see text)
